Heart failure is characterized by the loss of sympathetic innervation to the ventricles, contributing to impaired cardiac function and arrhythmogenesis. We hypothesized that renal denervation (RDx) would reverse this loss. Male Wistar rats underwent myocardial infarction (MI) or sham surgery and progressed into heart failure for 4 wk before receiving bilateral RDx or sham RDx. After additional 3 wk, left ventricular (LV) function was assessed, and ventricular sympathetic nerve fiber density was determined via histology. Post-MI heart failure rats displayed significant reductions in ventricular sympathetic innervation and tissue norepinephrine content (nerve fiber density in the LV of MIϩsham RDx hearts was 0.31 Ϯ 0.05% vs. 1.00 Ϯ 0.10% in sham MIϩsham RDx group, P Ͻ 0.05), and RDx significantly increased ventricular sympathetic innervation (0.76 Ϯ 0.14%, P Ͻ 0.05) and tissue norepinephrine content. MI was associated with an increase in fibrosis of the noninfarcted ventricular myocardium, which was attenuated by RDx. RDx improved LV ejection fraction and end-systolic and -diastolic areas when compared with pre-RDx levels. This is the first study to show an interaction between renal nerve activity and cardiac sympathetic nerve innervation in heart failure. Our findings show denervating the renal nerves improves cardiac sympathetic innervation and function in the post-MI failing heart. heart failure; renal nerve; sympathetic nerve activity; cardiac innervation
heart failure; renal nerve; sympathetic nerve activity; cardiac innervation THE OCCURRENCE OF HEART FAILURE is increasing throughout the industrialized world, in part, due to the increased survival rates following myocardial infarction (MI) (29) . Mortality and morbidity following the diagnosis of heart failure are high, with 50% of newly diagnosed patients dying within 5 years (49) .
Renal norepinephrine (NE) spillover in human heart failure patients is elevated (24) , indicative of increased renal sympathetic nerve activity (RSNA), and is associated with increased morbidity and mortality (24, 47) . As such, renal denervation has received attention as a therapeutic intervention to treat heart failure (16) . Chronic elevations in renal sympathetic nerve activity (SNA) are known to increase sodium and fluid retention and activate the renin-angiotensin system, all hallmarks of heart failure (17, 45) . However, the predictive value of renal NE spillover in heart failure patients is independent of kidney function (47) . Therefore, in heart failure, elevated renal nerve activity appears to drive adverse changes, at least in part, via pathways independent of fluid and sodium retention.
In heart failure, there is an increase in cardiac sympathetic neural tone, which is associated with reduced NE reuptake (4), depletion of NE in the myocardium, downregulation of ␤-adrenergic signal transmission (3, 8) , and impaired inotropic responses to adrenergic stimulation (21) . These changes cause myocardial damage, reduced cardiac function, and lethal arrhythmias (9, 12, 44) . In conjunction with changes in cardiac SNA in heart failure, the distribution of the cardiac sympathetic nerves in the ventricles may also be altered in a pathophysiological manner. The cardiac ventricles are abundantly innervated by sympathetic nerves, which act to increase conduction velocity and myocardial contraction and relaxation. Regional disturbances in the sympathetic innervation of the cardiac ventricles have been associated with disturbed heart function and arrhythmia generation (2, 13, 50, 57) . As chronic heart failure develops, sympathetic innervation throughout the functioning myocardium of both left and right ventricles is reduced (28) , and this reduction is a stronger predictor of cardiac death than ejection fraction in patients (41, 43) . When combined with elevated cardiac SNA, altered distribution of cardiac sympathetic nerves may have particularly significant impacts on ventricular function and arrhythmogenesis. Therefore, available evidence advocates the potential benefit of preserving appropriate cardiac innervation in post-MI heart failure.
In experimental heart failure, renal denervation can improve cardiac function, which is associated with improved cardiac adrenergic receptor expression (27, 62) . Therefore, it has been proposed that the beneficial action of renal denervation in heart failure occurs via attenuating adverse changes in the cardiac SNS. However, no one has investigated the effects of renal denervation on the cardiac autonomic nerve innervation in heart failure. Given the positive effects of renal denervation on cardiac function in heart failure, we evaluated whether the renal nerves influence the cardiac autonomic innervation, and function, of the ventricles in a rat model of established MIinduced heart failure. We hypothesized that renal denervation in established post-MI heart failure would normalize the car-diac sympathetic innervation of the intact ventricular myocardium and be associated with improved cardiac function.
METHODS
Ethical approval. Experiments were conducted in male Wistar rats and were approved by and carried out following the guidelines by the Animal Ethics Committee of the University of Auckland. The following experiments were conducted in four groups: sham MI and sham renal denervation (RDx), MIϩsham RDx, sham MIϩRDx, MI, and MIϩRDx.
Surgical procedures. For all recovery surgeries, animals were anesthetized with isoflurane anesthesia (2% in oxygen) and given prophylactic antibiotics (12.5 mg/kg enrofloxacin, Baytril; Bayer, Auckland, New Zealand) and analgesia (20 g/kg buprenorphine and again 24 h later, Temgesic; Reckitt Benckiser, Auckland, New Zealand). After surgery, rats were returned to their home cages. A heating pad was placed under the cage for 24 h postsurgery. All rats were housed 2-4 per cage with water and food ad libitum in a room of constant temperature (22°C) with a 12:12-h light-dark cycle.
MI or sham MI surgery was performed, as previously described (48) . Briefly, with the rat under isoflurane anesthesia, MI was induced by tying off the left anterior descending coronary artery 2-3 mm from origin using a 6-0 silk suture. In the sham groups, a suture was passed through the heart wall, but the LAD was not tied off. At the conclusion of the surgery the lungs were reinflated, and the chest was sutured closed.
Bilateral RDx or sham-RDx surgery was performed 4 wk after MI or sham MI surgery. The renal nerves were exposed via a retroperitoneal incision that revealed the left and right kidney. To ensure complete denervation of both kidneys, all visible nerves were stripped from the arteries followed by application of 10% phenol in saline on and around the renal artery using a cotton swab. Sham RDx followed the same procedure as for denervation without stripping and phenol application. Once the procedures were complete, the retroperitoneal cavity was sutured. No deaths occurred following the RDx surgery.
Echocardiography. Echocardiography was performed at 4 and 7 wk post-MI surgery. In brief, the rat was anesthetized (5% isoflurane in oxygen) until it could be handled easily and did not move during the imaging. The rat was then removed from the anesthesia, and the echocardiograph was obtained to assess left ventricular (LV) function. Echocardiography at 4 wk post-MI surgery was performed just before renal denervation surgery, and at 7 wk post-MI, surgery was performed before beginning the terminal experiment. Analysis was performed by an observer blinded to the treatment groups.
Left ventricular pressure measurements. Hemodynamic measurements were performed 7 wk post-MI or sham-MI. On the day of the experiment, animals were anesthetized "to effect" over the course of an hour with ␣-chloralose (120 mg/kg body wt) and urethane (1.5 g/kg body wt), as described previously (48) . Body temperature was maintained at 37°C by a heating pad and heating lamp. Once sufficient level of anesthesia was obtained, the trachea was cannulated, and the rat was artificially ventilated (model 680; Harvard Apparatus, Holliston, MA) with inspirate gas enriched with O 2 (~50% O2), a tidal volume of~3-4 ml and a breathing rate of~70 breaths/min. The femoral artery and vein were cannulated to monitor arterial pressure and for administration of drugs, respectively. A pressure catheter (model SPR-838, Millar Instruments, Houston, TX) was then inserted into the right carotid artery and advanced into the LV for continuous pressure measurements. Once recordings had stabilized, a period of at least 10 min of stable recordings were obtained. Data were acquired for computer analysis (PVAN software, Millar Instruments) using LabChart 7 software system (PowerLab, ADInstruments, Bella Vista, NSW, Australia).
Tissue preparation and estimation of myocardial infarct size. At completion of the terminal experiment, both left and right renal arteries and veins were clamped, and the left and right kidneys were removed from all animals, before euthanizing the animal, and were stored in Ϫ80°C for later measurement of NE content. In animals to be used for immunoblotting and catecholamine content, hearts were removed, transversely sectioned, and then the midventricular section apical to the ligation was photographed for later measurement of MI size. A portion of the noninfarcted myocardium of the LV, apical to the occlusion, including both the LV free wall and septum, was then flash frozen in liquid nitrogen before being stored in Ϫ80°C until processing. Animals to be used for immunohistochemistry had a cannula inserted into the descending aorta for perfusion with heparinized saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). The perfused hearts were removed, transversely sectioned, and then the midventricular section apical to the ligation was photographed for later measurement of MI size. The sections were then stored in PFA overnight at 4°C and then dehydrated using a series of graded alcohols before being embedded in paraffin wax. MI size was calculated, as previously described by our group (48) .
Norepinephrine and ACh tissue content. NE content in the LV and kidneys was measured using HPLC with electrochemical detection as previously described (38) . Detection limits were 0.05 pmol with recoveries from the alumina extraction 60%. ACh content in the LV was measured using mass spectrometry.
Determination of tyrosine hydroxylase and PGP 9.5 in the cardiac ventricles. All immunohistochemistry was carried out on slide-adhered 10-m sections cut from ventricular tissue apical to the ligation (Fig. 1 ). All sections were at least 150 m apart to minimize duplicate labeling of the same neuron. To expose antigenic sites, heat-mediated antigen retrieval was performed using the 2100 Retriever (Pick-Cell Laboratories, Amsterdam, The Netherlands) and an EDTA buffer (pH 8.0). Sections were then incubated in sodium borohydride-PBS solution 2ϫ for 10 min. Sections were blocked in 10% normal goat serum and then incubated overnight at 4°C with polyclonal rabbit antityrosine hydroxylase (1:1,000, cat. no. AB152, EMD Millipore, Temecula, CA) to visualize sympathetic nerve fibers or with polyclonal rabbit anti-PGP 9.5 (1:1,000, cat. no. AB1761-I, EMD Millipore) to visualize total nerve fibers.
The following day, the sections were incubated with biotinylated antirabbit secondary antibody (1:200, cat. no. BA-1000, Vector Laboratories, Burlingame, CA) and then incubated with Alexa Fluor 594 streptavidin (1:400, cat. no. A11008, Molecular Probes, Eugene, OR) and Alexa Fluor-488 conjugated wheat germ agglutinin (WGA; 1:200, cat. no. W11261, Molecular Probes). Sections were rinsed, coverslipped with Citifluor mounting medium (Citifluor, London, UK), and sealed using fast-dry nail enamel.
The antibodies used are all commercial antibodies subject to routine quality assurance. Where positive results were obtained, the pattern of reactivity was found to be distinctive to that particular antibody, with specific structures consistently labeled on repeated assays. Specificity of the primary and secondary antibodies was confirmed by including appropriate control sections for each assay, and no labeling was observed in each control section.
Image acquisition and analysis. For each animal and immunoreactive (IR) label to be analyzed, images were obtained using a ϫ20 objective (Carl Zeiss Microscopy, Jena, Germany) under epifluorescence. Digital images were captured using an Olympus DP-72 color camera (Olympus, Tokyo, Japan) and MetaMorph imaging software (version 7.8.3; Universal Imaging Corporation, Downingtown, PA). From each section, two or three representative images were obtained from the following regions: epicardium, endocardium, and myocardium of the LV; myocardium of the interventricular septum; and myocardium of the right ventricle (RV) (Fig. 1) . In MI hearts, images were also acquired of the peri-infarct region and infarct border-zone region (Fig. 1) . In MI hearts, the infarcted tissue typically penetrated close to the septum on the anterior wall; therefore, for comparative purposes, all of the LV images, regardless of treatment, were obtained from the posterior wall.
Tyrosine hydroxylase (TH)-and PGP-positive IR were quantified by threshold discrimination using ImageJ software, as previously described (37) . All images were treated in an identical manner, and no images underwent any form of manipulation subsequent to acquisition. Color photos were opened in ImageJ, and the threshold tool was manually adjusted to ensure only TH-or PGP-positive staining was identified. Specific criteria for the size and shape of neuronal fibers were not used in our analysis. Innervation density was expressed as percent area that was above the threshold (TH-and PGP-positive fibers). Figure 1 , C and Ci demonstrates the typical result obtained from the threshold analysis. For each IR label, six sections from each heart were analyzed, and the mean results were presented for analysis. To determine spatial variability of sympathetic innervation, the SD of TH innervation density taken from images of the noninfarcted epicardium, myocardium, and endocardium of the LV within each heart was determined, and the within-animal SDs were subsequently grouped.
Immunoblotting to determine protein expression levels of tyrosine hydroxylase and choline transporter relative to PGP in the left ventricle. LV cardiac tissue apical to the occlusion was homogenized in lysis buffer [150 mM sucrose, 15 mM HEPES (pH 7.9), 60 mM KCl, 5 mM EDTA, 1 mM EGTA, protease inhibitor cocktail tablet (complete Mini, Roche)]. Protein concentration of the samples was quantified using a Bio-Rad Dc protein assay. The optimal loading concentration was determined to be 20 g of total cardiac protein per sample. TH, choline transporter (CHT), and protein gene product 9.5 (PGP 9.5) were fractionated and then transferred to membrane. After transfer, membranes were blocked with Tris-buffered saline with 0.01% Tween 20 (TBST) containing 5% nonfat milk powder for 2 h at RT. Membranes were cut at~40 kDa. The upper parts of the membrane (40 -250 kDa) containing TH and CHT protein were incubated overnight at 4°C with polyclonal rabbit anti-TH (1:1000, cat. no. AB152; EMD Millipore, Temecula, CA), or polyclonal rabbit anti-CHT (1:1000, no. ABN458; EMD Millipore). The lower parts of the membranes (0 -40 kDa) containing PGP 9.5 protein were incubated separately overnight at 4°C with rabbit polyclonal anti-PGP 9.5 (1:1,000, cat. no. AB1761-I; EMD Millipore). Membranes were then washed with TBST buffer and incubated for 2 h at RT with goat antirabbit horseradish peroxidase conjugate (1: 2,000, sc 2004; Santa Cruz Biotechnology, Santa Cruz, CA) to visualize TH, CHT, and PGP 9.5. IR bands were then visualized by chemiluminescence (Pierce ECL Plus, ThermoFisher, Rockford, IL). Band intensity was recorded using a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA) and was quantified using ImageJ software. TH and CHT band densities were normalized to PGP 9.5 from the same sample. Immunoblots were run in triplicate, and mean results were presented for analysis.
Histology. Midventricular sections (5 M, each section taken at least 100 M apart) were stained using hematoxylin and eosin (H&E) or Masson trichrome stain (MTS). Image acquisition was performed using Leica DMR upright microscope and NIS Elements software. For measurement of cardiomyocyte cross-sectional area, images were obtained using ϫ60 objective. Vertically oriented, H&E-stained cardiomyocytes were then measured using ImageJ software. For measurement of collagen content, images were obtained using ϫ20 objective and then were analyzed using a combination of Adobe Photoshop and ImageJ software. Collagen content is presented as a percentage (%) of total area. All analysis was performed by an observer blinded to treatments.
Data analysis. For the anesthetized experiments, all data were sampled at 1,000 Hz using the LabChart 7 software system (PowerLab; ADInstruments). All subsequent data analysis was performed using LabChart 7. Ci: image of the result from threshold analysis using ImageJ software, as performed on the image in C, in which the areas above the set threshold are shown in red. In sham myocardial infarction (MI) animals, the areas of the heart tissue that were imaged were similar to MI animals; however, there was no infarct. Scale bar in Ci applies also to C.
RESULTS

Renal denervation improves LV function after chronic myocardial infarction.
Before renal denervation, echocardiography revealed a similar level of LV impairment in both MI groups, including a significantly enlarged LV chamber and reduced ejection fraction (EF) (Fig. 2) . Renal denervation at 4 wk post-MI significantly improved LV end-systolic area and EF (LV EF pre-RDx was 43 Ϯ 3% vs. 56 Ϯ 5% post-RDx, P Ͻ 0.05), and did not affect LV function in sham MI rats (Fig. 2) . In comparison, sham renal denervation surgery did not alter LV end-diastolic and systolic areas or EF in MI rats (LV EF pre-sham RDx was 42 Ϯ 4% vs. 38 Ϯ 4% post-sham RDx, P Ͼ 0.05) and sham MI rats (78 Ϯ 1% vs. 78 Ϯ 2%, P Ͼ 0.05, Fig. 2) . Thus, at 7 wk post-MI, MIϩRDx group had better LV function than the MIϩsham RDx group, with significantly greater EF (P Ͻ 0.05, Fig. 2 ) and reduced LV end-systolic and end-diastolic areas (Fig. 2) .
The mean hemodynamic and LV function values as assessed by cardiac catheterization under anesthetic are shown in Table  1 . RDx rats displayed a slightly lower resting arterial pressure compared with renal nerve intact rats. Resting heart rate was similar in all groups. As expected, MI resulted in a significant impairment of LV function at baseline, including reduced maximal rate of left ventricular pressure change during systole (dP/dt max ), maximal rate of left ventricular pressure change during diastole (dP/dt min ), and increased left ventricular enddiastolic pressure (LVEDP) and (Table 1) . RDx attenuated the decrease in LV contractility and relaxation, such that there were no statistically significant differences in dP/dt m , dP/dt min , , and LVEDP, when compared with sham MIϩRDx group (Table 1) . In sham MI animals, RDx resulted in a lower maximum LV systolic pressure and reduced dP/dt min , but did not alter the other determinants of LV function (Table 1) rats was examined by visualizing the enzyme tyrosine hydroxylase and the pan-neuronal marker PGP 9.5, respectively. Sympathetic nerve fibers and total nerve fibers displayed similar distribution patterns and were located running alongside myocytes. In sham-MI hearts, numerous sympathetic and total nerve fibers were detected throughout the left and right ventricles. Renal denervation did not alter the distribution of sympathetic and total nerve fibers in the hearts of sham-MI rats.
MI hearts displayed distinct regional variations in sympathetic nerve fiber distribution (Fig. 3) . In all MI hearts, sympathetic nerve fiber density was significantly reduced in the noninfarcted myocardium of the peri-infarct zone when compared with the noninfarcted myocardium remote from the infarct (in MIϩsham RDx group, the sympathetic nerve fiber density of the peri-infarct zone was 0.03 Ϯ 0.01% vs. 0.31 Ϯ 0.05% in the LV myocardium remote from the infarct, P Ͻ 0.05, and in MIϩRDx group: 0.06 Ϯ 0.02% vs. 0.76 Ϯ 0.14%, P Ͻ 0.05). In MI hearts there were regions in the border-zone of the infarcted myocardium that displayed a high density of sympathetic innervation (Fig. 3C ) and regions that were devoid of innervation (not shown). Thus, the apparent hyperinnervation of the infarct border zone was regionally specific and selectively located in scar tissue, as has been noted by others (11, 63) . The hyperinnervation of the infarct border zone was greater in the posterior wall of the LV, with the least innervation seen in anterior wall infarct tissue. Furthermore, we were also able to visualize sympathetic nerve fibers deep within the infarct (Fig. 3D) . RDx did not alter the regionally specific distribution patterns of sympathetic innervation in MI Fig. 3 . Top left: Masson's trichrome stained (MTS) section from a rat heart that underwent a MI and subsequent sham renal denervation (RDx); viable myocardium is stained red, and infarct (indicated by i) is stained blue. Top right: images of tyrosine hydroxylase (TH) immunostaining (red) in regions as indicated by A, B, C and D shown on the MTS section. A: sympathetic nerve fibers travel parallel to cardiomyocytes in the normal myocardium distant from the infarct. B: sympathetic fibers are minimally expressed in the normal myocardium of the peri-infarct region. C: sympathetic hyperinnervation was observed in the infarcted tissue of the infarct border-zone; D: sympathetic fibers were observed to penetrate deep into the infarct. E and F: wheat germ agglutinin (WGA) immunostaining (green) in the peri-infarct region of MI ϩ sham RDx heart (E) and MI ϩ RDx heart (F). Ei and Fi: TH immunostaining (red) in the peri-infarct region of MI ϩ sham RDx heart (Ei) and MI ϩ RDx heart (Fi). Eii and Fii: WGA and TH double labeling of peri-infarct region of MI ϩ sham RDx heart (Ei) and MI ϩ RDx heart (Fi). *Intact myocardium of the peri-infarct region; arrowhead indicates sympathetic hyperinnervation in the infarcted myocardium of the infarct border-zone. Scale bar in D applies also to A, B, and C. Scale bar in Fii applies to E, Ei, Eii, F and Fi. LV indicates left ventricle. hearts (Fig. 3) . The distribution and density of PGP IR and, thus, total nerve fibers in MI hearts were similar to the observed patterns of sympathetic innervation (not shown).
Renal denervation recovers sympathetic and total innervation in the intact myocardium of the heart after chronic myocardial infarction. In sham RDx rats, MI hearts displayed reduced density of sympathetic nerve fibers in the noninfarcted myocardium of the LV, septum, and RV remote from the infarct (nerve fiber density in the LV of MIϩsham RDx hearts was 0.31 Ϯ 0.05% vs. 1.00 Ϯ 0.10% in sham MIϩsham RDx hearts, P Ͻ 0.05) (Fig. 4) . In MIϩsham RDx hearts, total nerve fiber density, as measured from PGP 9.5 IR, was also significantly reduced throughout the noninfarcted myocardium of the cardiac ventricles when compared with sham MIϩsham RDx hearts (Fig. 4) . Concurrently, the spatial variation of sympathetic fibers throughout the noninfarcted endocardium, myocardium, and epicardium of the LV was significantly diminished in MIϩsham RDx hearts (0.195 Ϯ 0.01 SD) compared with sham MIϩsham RDx hearts (0.429 Ϯ 0.04 SD, P Ͻ 0.05). The reduced variability of sympathetic innervation throughout the noninfarcted LV of MIϩsham RDx hearts was consistent with reduced sympathetic innervation density in areas with usually higher innervation densities, for example, in the epicardium and myocardium of the LV when compared with the normally low level of sympathetic innervation density in the endocardium.
Renal denervation post-MI increased the sympathetic nerve fiber density in the noninfarcted myocardium of the LV, so that sympathetic nerve fiber density was significantly greater in MIϩRDx group (0.76 Ϯ 0.14%) compared with MIϩsham RDx group (0.31 Ϯ 0.05%, P Ͻ 0.05), and to a level similar in sham MIϩRDx group (1.02 Ϯ 0.07%, P Ͼ 0.05) (Fig. 4) . RDx post-MI also recovered the sympathetic nerve fiber density in the noninfarcted myocardium of the septum and RV free-wall, resulting in similar levels as sham MIϩRDx group (Fig. 4) . However, the effect of RDx on the sympathetic nerve fiber density in the septum and RV in MI hearts was not statistically significant when compared with MI group with intact renal nerves (sympathetic nerve fiber density in the RV of MIϩRDx was 0.88 Ϯ 0.17% vs. 0.51 Ϯ 0.12% in MIϩsham RDx group, P ϭ 0.189) (Fig. 4) . RDx post-MI effected similar changes in total cardiac innervation as the sympathetic innervation, improving total cardiac nerve fiber density to be similar as sham MI hearts (Fig. 4) . Concurrently, RDx post-MI recovered the spatial variation of sympathetic fibers throughout the LV (SD of sympathetic nerve fiber density in the LV of MIϩRDx hearts was 0.34 Ϯ 0.05 vs. 0.195 Ϯ 0.01 SD in MIϩsham RDx hearts, P Ͻ 0.05), so that there was no longer a significant difference when comparing MIϩRDx hearts to sham MIϩRDx hearts (0.45 Ϯ 0.04 SD, P Ͼ 0.05).
In sham MI hearts, sympathetic and total nerve fiber density in the myocardium of the cardiac ventricles was unaffected by RDx (Fig. 4) . Sympathetic and total nerve fiber density in the myocardium of the RV was similar when compared with the LV, but reduced in the septum (Fig. 4) .
Relative changes of sympathetic and parasympathetic innervation compared with total innervation in the left ventricle. In renal innervated rats, the relative expression of TH protein levels when normalized to the expression of PGP 9.5 protein levels in MI hearts tended to be reduced compared with sham-MI hearts (MIϩsham RDx group: 0.66 Ϯ 0.05 vs. sham MIϩsham RDx: 0.98 Ϯ 0.11), although the difference did not reach statistical significance (P ϭ 0.17). In renal denervated animals, the relative expression of TH-to-PGP protein levels was similar when comparing MI hearts with sham MI hearts (TH/PGP relative mean band density in MIϩRDx group was 0.73 Ϯ 0.16 vs. 0.78 Ϯ 0.16 in sham MIϩRDx group, P Ͼ 0.05). There were no effects of MI or RDx observed on the relative expression of CHT in the LV when normalized to PGP protein levels.
Renal denervation attenuates the decrease in norepinephrine content in the LV after chronic myocardial infarction. Tissue NE content in the noninfarcted myocardium of the LV in MI hearts from renal nerve-intact rats (2.70 Ϯ 0.44 pmol/ mg) was significantly decreased compared with sham MI hearts (4.55 Ϯ 0.20 pmol/mg, P Ͻ 0.05). RDx in MI rats improved the tissue NE content in the LV, such that there was no statistical significance between the MIϩRDx (3.28 Ϯ 0.68 pmol/mg) and sham MIϩRDx group (4.44 Ϯ 0.32 pmol/mg, P Ͻ 0.05). Tissue ACh content in the noninfarcted myocardium of the LV was similar in all groups.
Renal denervation attenuates cardiac remodeling. As seen in Fig. 5 , MI resulted in elevated cardiomyocyte size in the LV and RV free walls of rats regardless of the state of renal innervation. RDx in MI animals reduced cardiomyocyte size in the septum, resulting in no significant differences when compared with sham MIϩRDx group (Fig. 5) . In renal innervated rats, MI increased the level of fibrosis in the noninfarcted LV free-wall but not in the septum and RV free-wall (Fig. 5) . In MI hearts, RDx attenuated the level of fibrosis in the LV free wall, so that the degree of collagen deposition was no longer significantly greater when compared with sham MIϩRDx group (Fig. 5) .
DISCUSSION
This is the first study to show an interaction between renal nerve activity and cardiac sympathetic innervation in heart failure. We found that renal denervation normalized sympathetic nerve density in the ventricular myocardium, which was associated with improved LV tissue catecholamine content. Furthermore, we showed that the renal denervation-mediated improvements in sympathetic innervation in heart failure were associated with a recovery of LV function. These findings support the notion that renal denervation in established heart failure is able to improve cardiac function by attenuating adverse changes in the cardiac sympathetic innervation.
The experimental coronary ligation model in the rat, as used in the current study, successfully replicates the clinical situation of heart failure with LV systolic dysfunction (23) . In heart failure, cardiac adrenergic drive is typically increased and is associated with disease progression (24) . In addition, a decrease in the sympathetic innervation density in the failing myocardium, combined with heterogeneous nerve distribution in ischemic tissue, is an anatomical substrate contributing to the adverse effects of adrenergic stimulation (12, 15, 22, 37) . For example, under conditions of enhanced adrenergic tone, such as in heart failure, sympathetically mediated heterogeneities in refractory periods throughout the myocardium can cause a loss of coordinated myocardial contraction and generation of arrhythmia (42) , thereby attenuating LV function and exacerbating heart failure. Clinically, blocking the sympathetic drive to the heart using ␤-blockers improves LV systolic function and ejection fraction in heart failure patients (20) , which is associated with increased cardiac adrenergic innervation (15), a similar result to that observed in response to renal denervation in the current study. The current findings support our hypothesis that renal denervation in postinfarction heart failure can improve the cardiac sympathetic innervation and may be one pathway by which renal denervation is effective in improving cardiac function.
In the current study, surgical denervation of the renal efferent and afferent nerves was performed, thereby, ensuring complete and consistent denervation, as evidenced by the lack of NE in the kidney tissue. This is in contrast to the radioablation denervation technique that is used clinically, which typically results in inconsistent and/or incomplete denervation (5) . Renal efferent nerves respond to autonomic reflex input (e.g., baroreflex) and central stimuli (e.g., ANG II) and act to increase fluid and sodium retention and stimulate the release of renin. In contrast, renal afferent nerves respond to mechanosensory and chemosensory stimuli within the kidney and potentially contribute to changes in sympathetic nerve activity (6) . In heart failure rats, renal denervation has been shown to improve fluid and sodium balance and also the circulating levels of renin and ANG II, presumably via the denervation of the renal efferent nerves specifically (27, 45) . The effects of the renal afferents in heart failure are poorly studied and, therefore, less clear (6) . Renal afferents may become activated in heart failure, possibly in response to reduced renal blood flow and, therefore, disturbed nutrient supply/demand balance, resulting in increased sympathetic outflow (6) . Therefore, renal denervation in heart failure may affect changes in the cardiac innervation via relieving mechanical strain in the ventricular myocardium, attenuating the actions of the renin-angiotensin system or attenuating cardiac adrenergic stimulation. However, it is not possible to comment further on the pathway by which renal denervation may improve cardiac sympathetic innervation in heart failure, and this requires further research.
After MI, axonal damage has the potential to alter the neurochemical properties of the sympathetic axons, which could result in diminished production of TH and NE (54, 60, 64) . However, our findings show that changes in total neuronal density, as measured using the pan-neuronal marker PGP 9.5, were consistent with changes in sympathetic neuronal density. Total neuronal density was significantly decreased in the ventricular myocardium of heart failure rats with intact renal innervation and was increased nearer to sham levels following renal denervation. PGP 9.5 has been demonstrated to be resilient to the molecular and chemical changes occurring in the failing heart and, therefore, provides a robust marker of neuronal axons in the disease state (51) . Therefore, the current results suggest the changes in sympathetic innervation both in response to heart failure and renal denervation were due to altered neuronal density. It should be noted that it is not possible to comment on the functioning of the nerve fibers and, therefore, these may have been affected independently of a change in neuronal density.
Renal denervation in rats with heart failure improved the levels of NE in the intact myocardium. Reduced levels of NE in the cardiac ventricular tissue is typically observed in severe heart failure (14) and is likely due to increased NE release (53) and reduced reuptake (4) by the cardiac sympathetic neurons. Furthermore, the reduced expression of TH in the failing myocardium, as visualized in heart failure rats with intact renal innervation, likely contributes to decreased levels of tissue NE, as tyrosine hydroxylase is the rate-limiting enzyme involved in NE biosynthesis (32) . In heart failure, the reduced levels of NE stored in the ventricular myocardium are associated with increased levels of NE in the synaptic cleft and plasma, and therefore, the ventricular tissue is exposed to greater adrenergic stimulation (1) . Therefore, the improved levels of tissue NE in the ventricular myocardium of renal denervation rats with heart failure is supportive of increased expression of TH and suggestive of attenuated cardiac adrenergic drive.
In the current study, we used Western blot analysis to determine protein levels of both TH and CHT in the LV myocardium, as indices for sympathetic and parasympathetic innervation, respectively. CHT is selectively expressed in cholinergic nerves and has been used as a robust marker for cardiac parasympathetic fibers (26) . Our findings suggest that TH, compared with CHT, is particularly reduced in the noninfarcted ventricular myocardium of heart failure rats. This observation is consistent with those in humans where the sympathetic nerve fibers are selectively reduced throughout the myocardium of heart failure patients (39) . In heart failure, it has been suggested that sympathetic fibers may alter their phenotype to become cholinergic, which may help to explain the selective reduction in cardiac sympathetic neurons and reduced levels of NE in the myocardium (31) . However, we did not observe evidence to suggest a selective effect of MI or renal denervation on the expression of CHT relative to total neuronal density, or ACh in the cardiac ventricles of heart failure animals. Therefore, either the phenotypic transdifferentiation from sympathetic to parasympathetic nerve fiber did not occur in our model of heart failure, or it occurred on a scale that was outside our detection limit (46) . Furthermore, the ratio of parasympathetic fibers to total fibers remained the same whether in heart failure or not, suggesting there is also a reduction in parasympathetic fibers in the cardiac ventricles in the MI hearts that is relative to the reduction in total neuronal density.
Our findings build on previous research by showing that male rats in heart failure 7 wk following a large, chronic MI display distinct regional variations in sympathetic nerve fiber density. These changes include an overall reduction in nerve density throughout the intact myocardium of the ventricles, as well as areas of hyperinnervation in the infarcted tissue. Evidence in both animals and humans agree with these findings (28, 33, 57, 59, 61) . An association between the degree of hyperinnervation of the infarct and occurrence of arrhythmia has been demonstrated (11, 12) and may be related to the super sensitivity to catecholamine in the neighboring denervated intact myocardium (30) . In the current study, renal denervation increased the cardiac sympathetic innervation of the viable myocardium remote from the infarct and may have helped to normalize, at least in part, the sensitivity of the myocardium to catecholamine stimulation. Indeed, recent evidence in humans and animals supports the concept that renal denervation can attenuate atrial and ventricular arrhythmia (34) . For example, in goats with pacing-induced atrial arrhythmia, renal denervation reduced nerve sprouting and attenuated the increase in sympathetic nerve density in the atria, while concurrently reducing the complexity and occurrence of arrhythmic events (34) . Therefore, it appears that renal denervation in heart failure may attenuate changes in cardiac sympathetic nerve innervation that may otherwise provide a substrate for adversely affecting the pump function of the LV and driving arrythmia.
In the current study, collagen content in the intact myocardium of the LV was assessed as an indicator of fibrosis. Collagen content in the noninfarcted myocardium was increased in the renal nerve-intact heart failure group, consistent with previous studies reporting elevated cardiac fibrosis in the rat MI model of heart failure and in human patients (18, 56) . In the current study, renal denervation in heart failure rats attenuated the amount of interstitial collagen in the LV. These results are consistent with recent experimental data in which the renal denervation was performed 4 wk post-MI or after 5 wk of isoproterenol injections; cardiac fibrosis was attenuated in both disease models (36, 62) . Clinically, renal denervation has been shown to reduce cardiac remodeling in patients with hypertension-induced heart failure (10, 19, 40) . Potentially, the beneficial effects of renal denervation on cardiac fibrosis may be mediated, at least in part, by a decrease in circulating ANG II (58) . ANG II can drive the formation of fibrosis (58) and a reduction in the actions of ANG II using either ACE inhibitors or AT 1 R antagonists can reduce cardiac fibrosis in humans and rats with heart failure (7, 18, 56) . However, the precise mechanisms by which renal denervation can attenuate cardiac remodeling in heart failure is poorly understood.
Limitations. Cardiac function was measured under anesthetic and, therefore, the results must be interpreted accordingly. During the LV pressure recordings, taken under chloralose-urethane anesthetic, the resting mean arterial pressure in renal denervated rats was lower when compared with renal innervated rats. Renal nerve activity increases in rats in response to chloralose-urethane anesthetic and likely contributes to the maintenance of arterial pressure (55) . Both preload and afterload significantly impact on cardiac function parameters, such as rate and force of contraction, with higher cardiac loads resulting in increased rate and force of contraction. Therefore, the finding that renal denervated sham MI rats displayed lower dP/dt minimum compared with sham-MI renal innervated rats may be due to the reduced cardiac loads, and therefore, it is difficult to interpret this result. This also highlights the possibility that the benefit of renal denervation on LV pressure parameters in heart failure rats may be underestimated in the current study as arterial pressure; therefore, afterload, was significantly lower compared with renal innervated heart failure rats.
Perspectives and Significance
We provide new evidence that renal denervation in established heart failure can restore the sympathetic innervation of the cardiac ventricles, which may contribute to improved cardiac function. Altered cardiac sympathetic innervation in postinfarction heart failure may mediate reduced contractile function and also generation of arrhythmias, and possibly fibrillation (2, 13, 50, 57) . Recent reports have suggested that renal denervation can successfully treat patients with ventricular electrical instability (25, 52) , suggesting that elevated renal nerve activity can contribute to the generation of arrhythmia (35) . Although these studies demonstrated a rapid improvement in the occurrence of arrhythmia and fibrillation, there were also long-term improvements that can potentially be explained by alterations in the cardiac innervation (52) . Therefore, the current results suggest that the interaction between renal nerve activity and cardiac innervation may be, at least in part, responsible for mediating the beneficial actions of renal denervation on cardiac function in heart failure, and possibly arrhythmogenesis. However, it remains to be determined whether renal denervation can improve cardiac electrical stability and long-term survival in heart failure and what role the cardiac autonomic innervation may have in this process. Furthermore, future research is required to better elucidate the mechanisms by which renal denervation can alter the cardiac sympathetic innervation in post-MI heart failure.
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